> 10.3, and for the 5'-NDase was 9-9.5. The extracellular PMEase had an optimum p H > 10.3 and accounted for > 30°, of the total F'MEase activity at this p H ; there was no extracellular 5'-NDase activity. The activities of these enzymes increased during phosphate-deprivation, but the rate of AMP hydrolysis (by the action of both PMEase and 5'-NDase) always exceeded that of p-nitrophenylphosphate at the physiological pH (for a marine organism) of 8-8.5 . By the use of differential centrifugation after cell disruption in a French pressure cell, a highly purified fraction of cell walls was prepared. This fraction was virtually devoid of membranous material as viewed by electron microscopy, and exhibited PMEase, but no 5'-NDase activity. By using a different centrifugation procedure after disruption by shaking with glass beads, a microsomal fraction (pelleted by forces of 14000-156000g) was prepared. This fraction was free of cell wall fragments iis viewed by electron microscopy, and exhibited 5'-NDase activity but no PMEase activity. It is concluded that the PMEase was associated with cell walls, whilst the membranebound 5'-N Dase which sedimented as vesicles in the microsomal fraction was associated with plasma membranes.
I N T R O D U C T I O N
Although severe phosphate-limitation of the growth of marine algae may not often occur (Goldman rt ul., 1979) , there are numerous reports of natural phytoplankton communities displaying symptoms of phosphate-deprivation, particularly in coastal waters (e.g. Chiaudani & Vighi. 1982; Myklestad & Sakshaug, 1983; Sakshaug et al., 1984; Smith & Kalff, 1981) . Phosphate-limitation may be due to excess demands by the algae, bacterial competition (Rhee, 1972) , or to removal of organic phosphates by dissolved humic materials (Stewart & Wetzel, 1982) . The symptom often used to diagnose phosphate-deprivation of algal cells is an increased activity of alkaline phosphatase, as me;isured by the release of inorganic phosphate (P,) frompnitrophenylphosphate (pN PP) (Kuenzler & Perras, 1965) or by fluorimetric measurements of the hydrolysis of 3-0-methylfluorescein phosphate (Perry, 1972) .
The development of alkaline phosphatase activity by the marine diatom Phaeodactylum tricornutum following phosphate-deprivation has been reported (Kuenzler & Perras, 1969 , as has the utilization of glucose 6-phosphate (Kuenzler, 1965) . The diatom has also been used as a model organism by Chiaudani & Vighi (1982) , who reported the extracellular release of p hosphatase activity during p hosp hate-deprivation.
The development of uptake systems for nitrogenous compounds in P. tricornuturn has been studied in some detail (see Flynn & Syrett, 1985 , and references therein) but it is not known if Ahbreriution.s; 5'-NDase, 5'-nucleotidase: N M P . nucleoside 5'-monophosphate; p N P P , p-nitrophenylphosphate; PMEase, alkaline phosphatase.
were disrupted by three passes at 100 MPa through an ice-cold French pressure cell. The extract was then diluted to 20 ml with distilled water. All the cells were disrupted by the pressure cell and 85-95% by the homogenizer. The disrupted cells were subjected to differential centrifugation according to the schemes in Fig. 1 . The scheme in Fig.  1 (a) was modified from methods used by Sullivan & Volcani (1974) and Yoshida et al. (1983) . Centrifugation was done with a Beckman 52-21 centrifuge with a JA 20 rotor, and a Beckman L5-65B ultracentrifuge with a 65Ti rotor. The designation of the fractions is only approximate; the contents would depend largely on the force used during disruption and the density of the suspending solution.
Enzyme assays. For assays in intact cells, a volume of cell suspension (50 or 100 pl) was added to 800 pl phosphate-free growth medium maintained at the required pH by 100 mM-glycine/NaOH (pH range 8-5-10-5). The NaCl content of the medium was adjusted so as to maintain a Na+ concentration of 250 mM. The final cell density was 1-5 x lo6 ml-I. Enzyme activities in subcellular fractions were measured in a buffer containing 200 mM-KC1, 8 mM-MgC1 and 100 mM-glycine/NaOH (pH 8.5-10.5) with NaCl added to maintain a final concentration of 200 mM-Na+. The final protein content was 30-50 pg m1-I.
The substrates (sodium salts) were added in a volume of 100 p1 to give a final concentration of 2.5 mM. 5'-Nucleotides (25 mM) were dissolved in 25 mM-NaOH/Tris, giving a pH of 6-7, to counteract the acidity of these compounds when dissolved in water.
Enzymes were assayed in 1.5 ml microtubes at 35 "C for 10-30 min. At intervals, 50 p1 samples were taken for the determination of P,. The acidity of the reagents used in the P, assay terminated the enzyme assay and killed the cells. After the final samples had been taken. the pH ofthe assay suspension was measured using ;i Russell CTWL pH probe; it is these values of p H rather than the pH of the assay buffers, which are shown in the graphs.
Assaj+~r PI. A method modified from that ofL.anLetta r t (11. (1979) was used, in which 5",, ( d v ) Triton X-I00 was substituted for the original detergent. The colour reagent consisted of 0445", malachite green mixed with 4.2"' (w!v) ammonium molybdate in 4M-HC'I in the ratio 3 : 1 and filtered through ;I Whatman no. 3 paper. Shortly before use ( < 2 h), 200 1.11 5",, (viv) Triton X-100 was mixed with 10 ml of the colour reagent.
The sample, containing a maximum of 10 Vimol P, in a volume of 50 or 100 pl, was forcibly injected from a microsyringe into 800 1-11 of the colour reagent in a 1.5 ml microtube. After 1 min, 100 pl 3.1"; (wjv) sodium citrate was added, mixed and left to stand for at least 10 rnin after which the colour was stable for many hours, even after the addition 01' 100 nmol PI (such as could occiir during the acid-hydrolysis of NMPs). The A , , ( ) was measured in a Cecil Instruments CE 272 linear read-out UV,IVIS spectrophotometer. Blanks were zero time enzyme assays. mixture; P, measurements were made after the incubation period with the cells in suspension and after the cells had been removed by a 10 s s at 8700g in a Beckman /j microfuge. There was a small consistent difference between these c dues which w ittributed to the OD of the cellsat 660 nm. Routinely the samples used for the determination o f P, contained cells in suspension.
PI measurements were taken :it 5 or 10 rnin intervals; reaction rates were linear with time and enzyme concentration. Assays were duplicated at e x h condition of pH and reproducibility was good (usually < 5"; difference).
Protein was assayed by the BioRad microassay with bovine serum albumin as a standard. All experiments were done on at least three separate occasions. Representative data are presented; the results were highly reproducible.
Elrc.mn mic-rosc~yj.. The pellets were fixed in 3':; (v/v) ice-cold glutaraldehyde in 0.05 M-potassium phosphate buffer (pH 7.1), containing 10"" (w:v) sucrosc; only the cell wall pellets were resuspended. After 1 h at about S C, fixation was continued at room temperature for a further I h. All subsequent steps were done at room temperature, re-pelleting the material as necessary. Three 15 rnin washes were given in the phosphate buffer with I?.S", (wjv) sucrose. and then the samples were post-fixed for 2 h in 20; (wjv) osmium tetroxide in the phosphate buffer. The material was dehydrated in an ethanol series and embedded in white resin, using hard grade for the cells u.alls and soft grade for the membrane fractions. The rcsin was polymerized at 60 "C for 20 h. Sections were cut on an LKB Ultrotome and post-stained for 90 rnin with I O ( , aqueous uranyl acetate, followed by 8 rnin in 0.2'" alkaline lead
Tests were done to ascertain if the presence of cells affected measurements of the P, content of the enzyme
citrate. For the cell wall fractions, small portions were also removed from the glutaraldehyde-fixecl, buffer-washed pellets, diluted with distilled water, and droplets placed on collodion-coated grids for about 30 s before being drained off. The dried grids were thoroughly waihed with distilled water and were examined unstained. An AEI Corinth 275 electron microscope at 60 kV was used for the observations. C'hcniic*uls. Fixatives and stains for electron microscopy were obtained from TAAB Laboratories and the resin was purchased from the London Resin Compan;i. Malachite green microscopical stain was obtained from BDH ; all other chemicals were from Sigma.
R E S U L T S
After growth in phosphate-free medium, both the cells and the medium contained PMEase activity with a pH optimum exceeding 10.3. In addition, there was a cell-bound NMPase activity, which was absent from the medium, with an optimum pH of 9-9.5 (Fig. 2) . A proportion of the hydrolysis of AMP would have been catalysed by the activity of the PMEase and the remainder by a 5'-NDase (the total activity being termed NMPase). The hydrolysis of AMP by extracellular enzymes was catalysed by a PMEase only; at no pH value did the rate of hydrolysis of AMP by these enzymes erceed that of pNPP.
There was no PMEase activity in the filtrate after the use of a Millipore CX-30 ultrafiltration unit, suggesting that the M , of this enzyme exceeded 30000. The amount of protein in the medium, even after a l o x concentration, was below the level of detection of the BioRad microassay (<0.1 pg nil-l).
As noted by Kuenzler & Perras (1965) , the PMEase activity of the cells increased after phosphate-deprivation. The activities of 1 he PMEase in cells grown in phosphate-sufficient and in phosphate-free culture for 4 d were 10 and 60 nmol P, (lo6 cells)-' h-' respectively (measured at pH 10.5). In addition there was a concurrent increase in the NMPase activity; values for the NMPase activities of these cells were 12 and 160 nmol P, (loh cells)-' h-' respectively (measured at pH 9.25). The NMPase acti./ity of the cells was always 3-4 times greater than that of the PMEase and this difference was greatest at pH 9-9.5.
After washing and resuspending the cells in fresh growth medium or in 550 mhl-sorbitol, the PMEase activity per cell decreased; the NMPase activity did not (compare the relative activities of PMEase and NMPase in Figs 2 and 3h). Presumably at least some of the PMEase activity in the original medium was due to the same enzyme that was originally attached to the cell.
A range of phosphomonoesters and NMPs were tested as substrates over a range of pH values (Fig. 3 ). Tests were also done over a lower range of pH (6-5-9.5, buffered by 100 mM-Tris/MES); maximum activities were at a pH > 8.5, and there were no peaks of activity below this value. Of the non-nucleotide phosphates, hydrolysi5, of pN PP was fastest, with thiamin pyrophosphate, glucose 6-phosphate and b-glycerophosphate being hydrolysed at much the same rates (Fig. 3 a) . u-Glycerophosphate was hydrolysed at thz same rate as P-glycerophosphate (not shown). The phosphodiesterase substrate, bis-(p-nitrop ienyl) phosphate, was hydrolysed only slowly. All the NMPs were hydrolysed much faster than any of the non-nucleotide phosphates (Fig. 3h) although hydrolysis ofthe NMPs was probably catalysed by both PMEase and 5'-NDase. AMP was always hydrolysed at a greater rate than the other nucleotides, with G M P giving the lowest rate. There was a small but consistznt difference between the activities with the purine nucleotides (AMP and GMP) and the pyrimidine nucleotides (CMP, T M P and UMP) with respect to pH. This was most apparent after subtraction of the PMEase component (assuming that the PMEase activity was similar for all of the NMPs and for pNPP, as it was for AMP; Fig.  9) ; the 5'-NDase appeared to have a slightly lower pH optimum for the purine nucleotides.
Due to the limitation of P, detection by colorimetric methods, the minimum substrate concentration that maintained a linear rate of enzymic reaction and gave a sufficient P, for detection (a minimum of 0.2 nmol in a I00 111 sample) was 20 p~. Attempts to measure the K,,, of the PMEase and NMPase were unsatisfactory, but the K,, for the PMEase using p N P P as a substrate was about 50 CIM. The K,,, for NMlPase with AMP as a substrate was less than 25 CLM, with the rate at this concentration being iibout 75";;; of V,,,,,,. All the enzyme assays were done at 35 "C. The reaction rates at 20 "C (the temperature at which the cells were grown) were about 40% of the values at 35 "C. The value for Q l o between 20 and 30°C was 1.8 for both the PMEase (pNPP as substrate) and the NMPase (AMP as substrate) at pH 8.5 (the optimum growth pH for this strain of P. tricornuturn).
A comparison of the PMEase and WMPase activities of phosphate-deprived cells before and after disruption showed that, although reaction rates increased after disruption (Table I) , the pH optima remained essentially thc same (compare Figs 3, 8 and 9 ). After the differential centrifugation (Fig. 1 a) of cells disrupted by the homogenizer, the distribution of the PMEase and 5'-NDase activities differed (Table 1) . Whereas a considerable proportion ( > 60%) of the 5'-NDase activity was present in the mizrosomal fraction and in the supernatant, virtually none of the PMEase was located in these fractions (Table 1 a) . Most of the PMEase activity was located in the chloroplast and mitochondria fraction (Table 1 a) , however, the highest specific activity was in the cell wall fraction (Table 1 h ). The highest specific activity for the 5'-NDase was in the microsomal fraction (Table 1 h) . The highest absorbance at 670 nm (indicative of the presence of chlorophyll a ) was in the chloroplast and mitochondria fraction (Table l a ) . Table 1 
. Distribution of PMEase, NMPase and 5'-NDase activities in fractions after diflerential centr ijiuga t ion
Cells were disrupted by shaking with glass beads in a Braun MSK homogenizer and the extract was subjected to differential centrifugation according to the scheme in Fig. 1 (a) . Enzymes were assayed at pH 9.5 with pNPP or AMP (2.5 mM) as substrates. PI was measured in duplicate at 0, 5 and 10 min. Activities of 5'-NDase were calculated by subtraction of the PMEase from the NMPase activities. Total activities (a) and specific activities (h) are presented from a typical experiment; -, not applicable.
(a) Total activities
Cell suspension Electron micrographs of the microsomal fraction from cells disrupted by the homogenizer showed the absence of cell wall fragments (Fig. 4) . Examination of the cell wall fraction, however, revealed the presence of almost intact valves (Fig. 5) , even intact cells, and thin sections of this material (not illustrated) showed membranous material still within the valves.
To fragment the cell walls more thoroughly, cells were disrupted in a pressure cell. The differential centrifugation scheme (Fig. 1 b) now yielded a cell wall fraction of great purity as judged by electron microscopy (Figs 6 and 7) . Very little membranous material was seen in this preparation. The wall fragments produced after disruption with the pressure cell were very much smaller than those from homogenized cells (compare Figs 5 and 6 ).
Enzyme assays of the microsomal fraction of cells disrupted by the homogenizer (shown to contain no cell wall fragments; Fig. 4) , and of the cell wall fraction of cells disrupted with the pressure cell (shown to contain no membranous material; Fig. 7) showed that PMEase activity was associated with cell walls (Fig. 8) and that the 5'-NDase was associated with membranes ( Fig. 9) .
DISCUSSION
Intact cells of phosphate-deficient P . tricornutum had two types of phosphatase activity : a non-specific PMEase and a 5'-NDase. Both developed in response to phosphate-deficiency, but the 5'-NDase activity was always greater than that of the cell-bound PMEase at the physiological growth pH of 8.5. Whereas the PMEase activity in this diatom has been reported previously (Kuenzler & Perras, 1965; Chiaudani & Vighi, 1982) , the existence of a 5'-NDase has not. Kuenzler & Perras (1965) did demonstrate that the phosphate from AMP could be used by this diatom, but they measured the appearance of the phosphate within the cells and, as they reported that the limiting factor was probably the rate of uptake rather than the rate of hydrolysis, it is not surprising that they also found the rate of use of the phosphate from AMP to be the same as that from glucose 6-phosphate or a-glycerophosphate. A similar observation has been made for the dinoflagellate Arnphidiniurn carterae, in which the rate of polyphosphate hydrolysis exceeds the rate of phosphate q t a k e (Solorzano & Strickland, 1968) ; the situation is reversed in the diatom Skrletonerviu costuturn (Solorzano & Strickland, 1968) . The presence of a 5'-NDase was not reported for either alga.
As the NMPase activity of intact P. tricornuturn was greater than the PMEase activity at the physiological pH of 8.5 (and at pH 8, the pH of sea water), the detection of the ability to liberate P, from AMP may be more indicative of' phosphate-deficiency in natural populations than the ability to hydrolyse p N PP, which depends on the presence of PMEase. Work with more species is required to see whether all algae ha\e 5'-NDase activity. From an ecological standpoint, NMPs may be a source of phosphate for P. tricornutum. Unfortilnately, there appear to be few published data for the concentration of NMPs in sea water. The total concentration of ATP, ADP and AMP has been reported to be about 3 nM off the coast of California (McGrath & Sullivan, I98l) , but it is thought that the common occurrence of PMEase activities significantly affects measurements of NMPs in aquatic systems (Karl & Craven, 1980) . The substrate affinity of the PMEast: in P. tricornutuni (about 5 0~~) was similar to that reported for the enzyme in Chaetoceros crfJini.9 (Moller et al., 1975) , which has a K,,, of 20 pM. However, natural phytoplankton cornmimities in Chesapeake Bay exhibit a PMEase with a K,, of less than 1 PM (Taft et af., 1977) ; the authors concluded that PMEase activity may contribute significantly to phosphate-nutrition during much of the year in this bay.
The PMEase activity of intact cells of P. tricornutum was reported by Kuenzler & Perras (1965) as being firmly bound to the cells; they did not detect any substantial extracellular activity such as that seen in the present work or by Chiaudani & Vighi (1982) , although this could be due to a difference between the isolates of alga used. The similarity between the activities of the cellbound and extracellular PMEase (Fig. 2) with respect to pH, and the fact that there was no detectable extracellular 5'-NDase is consistent with the view that the PMEase may be bound to the cell wall and the 5'-NDase to the plasma membrane. The increased enzyme activities after disruption (greater for the 5'-NDase than for the PMEase; Table 1 ) could have been due to the removal of diffusion barriers. Electron micrographs of sectioned intact cells show a considerable amount of membranous material between the cell wall and the plasma membrane. The nature of this material is under investigation but It may contain 5'-NDase activity which is not readily accessible to the substrate supplied externally to whole cells. Alternatively, disruption of the cells may release a soluble 5'-NDase activity. The 5'-NDase activity in the final supernatant is consistent with this view although this could have resulted from membrane vesicles which had not been sedimented during the (quite short) ultracentrifugation procedure. Repeated washing and recentrifugation of the microsomal fraction did not result in the loss of 5'-NDase activity, suggesting that the enzyme was firmly attached to membranes.
The presence of 5'-NDase activity in the cell wall fraction when cells were disrupted with glass beads (Table 1 ) was probably due to the presence of membranes with which this enzyme was associated in the partly disrupted valves. Repeated washing and recentrifugation of this fraction did result in a partial, though not total, removal of this activity.
The presence of PMEase activity in the chloroplast and mitochondria fraction (Table 1 ) would have been associated with the presence of cell wall fragments visible by phase-contrast and electron microscopy. Due to the density of the disruption buffer, some cell wall material would not have pelleted during the prcceding low-speed centrifugation.
The success of the differential centrifugation scheme (Fig. 1 b) , after disruption of the cells by the pressure cell, was probably due to the inability of the low centrifugation forces to pellet any material other than the cell wall fragments. Differential centrifugation is a crude procedure leading to only partial purification of material by the size and density of the fragments. It is none the less an important procedure in attempts to isolate plasma membranes as it removes larger fragments and organelles which have similar densities to that of plasma membrane vesicles and therefore can not be separated by density gradient centrifugation (Leonard & Hodges, 1980) . In membrane fractions from the diatom Nitzschia alba, the presence of an alkaline PMEase and of a 5'-NDase was demonstrated (Sullivan & Volcani, 1974) . However, protoplasts of this diatom were used and although 50% of' the PMEase activity was pelleted in a fraction termed 'cell wall' by the authors, the actual composition of this fraction was not revealed. Neither enzyme could be used as a marker for plasma membranes in this diatom.
PMEase activity is associated with the cell wall in higher plants (e.g. clover; Dracup et al., 1984) and in the cyanobacterium Plectonema horyanum (Doonan & Jensen, 1977) . However, in organisms with no cell wall PMEase activity may be detected in the plasma membrane. The plasma membranes of the wall-less chrysophyte Ochromonas danica (Patri et al., 1974) , and of the slime mould Dictjmteliurn discoirieum (Lee et al., 1975) both exhibit a PMEase activity. The latter also exhibits a 5'-NDase activity and both enzymes develop during phosphate-deprivation but have different pH optima (Lee et al., 1975) . The 5'-NDase activity has been used as a marker for plasma membranes (Gilkes & Weeks, 1977) .
From the results of the experiments described in this paper, it is concluded that the PMEase activity measured in intact cells of P. tricornutum is due to an enzyme located in the cell wall. The 5'-NDase activity of intact cells is not due to a wall-bound enzyme, but to a membrane-bound protein, presumably in the plasma membrane. It is not known if the extracellular PMEase released by phosphate-deficient cells results from the release of the wall-bound PMEase; electrophoretic studies are needed to examine this problem. The 5'-NDase activity can probably be used as a marker enzyme in attempts to isolate plasma membranes from P. tricornutum, provided that the cells are grown in phosphate-deficient medium in order to stimulate the production of the enzyme activity.
